The acid tolerance of Escherichia coli O157:H7 strains can be overcome by addition of lactate, ethanol, or a combination of the two agents. Killing can be increased by as much as 4 log units in the first 5 min of incubation at pH 3 even for the most acid-tolerant isolates. Exponential-phase, habituated, and stationary-phase cells are all sensitive to incubation with lactate and ethanol. Killing correlates with disruption of the capacity for pH homeostasis. Habituated and stationary-phase cells can partially offset the effects of the lowering of cytoplasmic pH.
The phenomenon of acid tolerance among pathogenic Escherichia coli has been suggested to be one of the factors that has given rise to the increase in infections caused by E. coli O157: H7. Several mechanisms have been suggested that contribute to the tolerance of extremely acidic pHs. Firstly, the growth rate and phase of the cells determine the level of expression of the RpoS-controlled regulon, which enables E. coli and related enteric organisms to survive a range of stresses (9, 11) . Secondly, brief exposure of cells to mildly acidic pHs (pH 4.5 to 6.0) has been shown to elicit the expression of a range of genes that specifically counter acid stress (2, 12, 22, 23) . These mechanisms act in concert with the basic capacity for pH homeostasis, which is strongly dependent on the limited proton permeability of the bacterial cell membrane (4) . Killing by acid must overcome these three barriers. There has been considerable debate over the level of acid tolerance of E. coli O157:H7 compared to those of other enteric bacteria. Some groups have reported enhanced acid tolerance, while others report no significant difference between commensal E. coli and O157:H7 isolates (3, 9, 19, 20) . We have, therefore, sought mechanisms by which the killing by acid pH can be augmented.
Combinations of treatments, such as low-pH conditions, organic weak acids, nitrite, low water activity, and membrane perturbants, such as the parabens, have conventionally protected processed foods (15) . Most of these treatments are aimed at preventing growth rather than killing the contaminating organisms. However, for severe pathogens it is desirable to be able to kill the organisms, since the infective dose may be very low. In addition, conventional treatments involve extended incubations and therefore may lead to the acquisition of resistance and enhanced virulence. A desirable feature of a killing system would be extreme rapidity, so that the result is a minimally processed product. In this communication we describe the augmentation of killing at acid pHs by lactate and ethanol, alone and in combination.
It is well established that E. coli cells can be induced to become tolerant of extremely acid conditions (pH 3 to 3.5) if they are grown into exponential phase at a mildly acidic pH or if they have entered stationary phase (2, 10, 18) . Further, it is known that acid tolerance varies among E. coli isolates, and therefore this study was conducted with a diverse group of both pathogenic E. coli O157:H7 and nonpathogenic organisms (Table 1). Significant variability was observed in the survival of the group of E. coli isolates when stationary-phase cultures were exposed to either pH 2 or pH 3 ( Table 1 ). Cells were challenged by diluting stationary-phase cultures, grown for 18 h in tryptone soya broth (TSB), 1:1,000 into TSB adjusted to pH 2 or pH 3 with HCl. After incubation for 1 h at 37°C, the organisms were serially diluted in McIlvaine's buffer at pH 7 and plated onto tryptone soya agar (TSA). Survival for 1 h at pH 3 was between 0.69 and 90% for the group of strains, but most organisms failed to survive incubation for 1 h at pH 2 ( Table  1 ). Survival at pH 2 was not restricted to E. coli O157:H7 isolates, since J1, which is a non-O157:H7 isolate, survived almost as well as the pathogenic group. Strain 30-2C4 was the most acid-tolerant organism and was chosen for further study.
Ethanol and lactate have previously been implicated in the low level of survival of E. coli O157:H7 in certain foods. We therefore investigated the potential of these food additives to compromise the tolerance of E. coli O157:H7 at low pHs. Ethanol (5% [vol/vol]) and lactate (50 mM undissociated acid) reduced the viability of E. coli at pH 3 when added singly or in combination. Initial experiments showed that killing by lactate and/or ethanol was very rapid, and therefore we analyzed the kinetics over the first 5 min of incubation ( Fig. 1 ). Addition of ethanol or lactate, either singly or in combination, dramatically reduced the viability of exponential-phase cells, with at least a 4-log-unit killing in less than 5 min (Fig. 1A ). Habituated cells (grown to mid-exponential phase at pH 5.8) and stationaryphase cells were more acid tolerant than cells grown at pH 7 (2, 6, 17). However, viability was rapidly lost upon incubation with either lactate or ethanol, and the combination resulted in a 4-log-unit killing in 5 min (Fig. 1B) . For stationary-phase (Fig.  1B ) and habituated (data not shown) cells, lactate or ethanol separately gave only a single-log-unit killing in this time period, which indicates that the two agents act synergistically in these cell types. Although there was considerable variation among strains, all were sensitive to the combination of pH 3 and lactate plus ethanol ( Table 2 ). For most strains the effect was specific for lactate, since acetate, malate, and citrate did not cause significant cell death at pH 3 (Table 1) . Killing by lactate and ethanol was dependent on the incubation pH. After 1 h of incubation with lactate, survival was high if the incubation pH was equal to or greater than 5, but only limited survival occurred below pH 5 ( Fig. 2A) . Similarly, survival over the 1-h incubation period was not affected by ethanol (final concentration, 5%) unless the incubation pH was less than 4 ( Fig. 2B) .
Since survival was attenuated in ethanol and/or lactate, we sought to investigate the mechanisms of inactivation. The cytoplasmic pH of the cells was investigated as described previously (16, 20) . Exponential-phase and habituated cells of E. coli 30-2C4 exhibited good pH homeostasis between external pHs of 4.5 and 6.5, but below pH 4.5 there was a decline in cytoplasmic pH that was most marked at pH 3.5 (Fig. 3A) . Habituated cells exhibited a higher cytoplasmic pH only at an external pH of 3.5. Stationary-phase cells generally exhibited poorer pH homeostasis, and this was most evident below pH 5. However, at pH 3.5 the cytoplasmic pHs of exponential-phase cells grown at pH 7 and stationary-phase cells were not significantly different (Fig. 3A) . Ethanol caused a small but significant lowering of the cytoplasmic pH that was particularly marked below pH 4.5 (Fig. 3B) . Lactate reduced the cytoplasmic pH by 0.8 to 1.5 units across the pH range, and it was ) (B) and was challenged in McIlvaine's medium at pH 3 for 5 min at 37°C with no additions (F), 50 mM lactate (OE), 5% ethanol (s), or 5% ethanol with 50 mM lactate (). Viability was determined by plating three 5-l spots onto TSA, incubating for 18 h at 37°C, and counting spots that contained 5 to 50 colonies. An arrow indicates the time point after which no survivors were detected. Standard deviations between spots were routinely less than 4. Data are averages from at least two independent experiments, with survival expressed as a percentage of the CFU per milliliter of inoculum, and routinely varied by less than 10%. m, min. notable that the cytoplasmic pH value recorded in the presence of either lactate or ethanol at pH 3.5 was the same (Fig. 3B ).
In the presence of both lactate and ethanol, the cytoplasmic pH was consistently lower than with either compound alone (data not shown). Similar results were obtained with a number of different E. coli strains (data not shown).
In view of the rapid killing by ethanol and lactate, the kinetics of collapse of the cytoplasmic pH were analyzed (Fig. 4) . Lactate caused an immediate drop in cytoplasmic pH (Fig. 4) . With habituated cells of E. coli 30-2C4, the final cytoplasmic pHs were approximately 5.9, 5.5, and 5.2 for external pH values of 5.0, 4.5, and 4.0, respectively (Fig. 4) . Similar data were obtained with exponential-phase cells grown at pH 7 and with stationary-phase cells (data not shown). The steady-state cytoplasmic pH observed in the presence of lactate was independent of the growth phase (data not shown). At an external pH of 4, the addition of ethanol caused an immediate decline in cytoplasmic pH of at least 1 pH unit (Fig. 4C) . In contrast, at pH 4.5, the fall was progressive, but cells eventually reached a steady cytoplasmic pH similar to that seen in lactate-treated cells. At higher external pHs (Ͼ4.5), ethanol had only a small effect on cytoplasmic pH (Fig. 4A) . Thus, the kinetics of decline of cytoplasmic pH with lactate and ethanol are consistent with rapid killing by these compounds at low pHs.
The data presented here establish that the addition of lactate or ethanol, or a combination of these agents, can overcome the acid tolerance of E. coli cells. The addition of either lactate or ethanol alone or in combination collapsed cytoplasmic pH, and this must contribute to the higher rates of cell death. We also establish that habituated cells have a cytoplasmic pH similar to that of cells in exponential phase at pH 7 until extremely low pHs are encountered, where the habituated cells exhibit higher cytoplasmic pH values. These data accord with those of other studies published previously (8) . Paradoxically, cells that have entered the stationary phase, which exhibit the highest acid tolerance, have the lowest cytoplasmic pHs. Treatment of these cells with lactate or ethanol is less effective, but the cytoplasmic pH is lower still than for exponential-phase or habituated cells. Thus, lowering the cytoplasmic pH itself is not sufficient to cause cell death; the changes in gene expression and enzyme activity consequent upon entry into stationary phase (2, 22) must override the consequences of the collapse of cytoplasmic pH to a very acidic value.
Recent data suggest that sorbate has a marked ability to perturb membrane structure and that lactate may have similar effects (26, 26a) . Similarly, ethanol is a membrane perturbant (13) . The observation of the collapse of cytoplasmic pH in the presence of these two agents suggests that ethanol and lactate compromise the permeability to protons and/or the capacity to pump protons out of the cell.
Lactate and ethanol are both acceptable food additives, and combinations may potentiate a reduction in viable bacterial counts in food products. For example, the lower bacterial counts in fermented, compared with nonfermented, apple juice have been attributed to the accumulation of ethanol to approximately 5% (24) . In this product, the final pH values were not significantly different (pH 3.3 to 3.8) after fermentation, but the presence of ethanol led to a 7-log-unit kill in 3 days. Weak acids, such as benzoate and sorbate, were not effective, but lactate was not investigated (21) . Lactate has previously been suggested to be less effective than acetate, but such studies investigated higher pH ranges (1, 5, 14, 27) . Our study shows that lactate can be very effective at low pHs and that its efficacy can be improved by using lactate-ethanol mixtures. were harvested, and the cytoplasmic pH was determined at the pH indicated. Symbols: F, no additions; OE, lactate (50 mM); s, ethanol (5%). Standard deviations varied from 0.02 to 0.25 but were routinely less than 0.06.
